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Abstract
This study presents an investigation of the flow mechanism of carbon dioxide ( CO2) through nano and micro pores
and the impact of this flow on oil mobilization and asphaltene instability in the crude oil. The flow mechanism of CO2
is determined using numerical modeling through the Knudsen number to determine the flow regimes under different
thermodynamic conditions. Following this, the oil production and asphaltene stability are studied using a filtration
vessel supplemented with nano and micron sized filter membranes. The effect of varying C
 O2 injection pressure, oil
viscosity, porous media pore size, and porous media thickness on oil mobilization and asphaltene stability are studied.
Regarding the flow regimes, it is found that four distinct flows are observed during CO2 injection in the nano and micro
pores. These flow regimes included diffusion, transition, slippage, and viscous flow. As the pore size increases, the flow
becomes viscous dominated. Crude oil flow through the nano pores required higher pressure and also resulted in more
severe asphaltene damage and plugging compared to the micro pores. Increasing the C
 O2 injection pressure increased
oil production and decreased the asphaltene concentration in the bypassed crude oil, which is the oil remaining in the
filtration vessel and could not be produced. The lower oil viscosity is associated with a lower asphaltene concentration
and thus yields an overall higher oil viscosity as well. By undergoing this research, a better understanding of how the
CO2 flows through nano and micro pores can be achieved, and oil mobilization and asphaltene instability with time can
also be understood.
Keywords Carbon dioxide flow · Micro and nano pores · Asphaltene instability
List of symbols
Kn	Knudsen number, dimensionless
𝜆	Mean molecular free path, m
L	Representative physical length, m
Kb	Boltzmann constant, J/K
T	Temperature, K
d	Particle hard shell diameter, m
p	Pressure, Pa
x	Distance, m
vx	Velocity in x-direction, m/s
ρ	Fluid density, kg/m3
β	Non-Darcy flow coefficient, D/Mscf
DKn	Knudsen diffusion, m2/s
dk	Pore throat radius, m

Rg	Universal gas constant, J/mol K
M	Molecular weight, Da
Ni	Molar flux, mol/cm2 s
Di	Diffusion coefficient, m2/s
nm	Nanometer
µm	Micrometer

1 Introduction
During its injection in oil reservoirs, the CO2 will propagate
through the pores of the formation and interact with the
crude oil in order to mobilize the oil and facilitate its production. Understanding the flow regimes by which CO2
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flows in the pores of the formation is extremely important in order to determine how and where the CO2 is most
likely to go in the formation and thus determine the C
 O2
oil production potential [1–5, 49–51]. CO2 can result in
asphaltene instability which may impact oil mobilization
negatively along with causing severe problems in facilities
and pipelines. It is extremely important to understand the
effect that CO2 has on asphaltene instability and how that
may impact oil filtration.
Different methods have been used to model asphaltene and CO2 flow in the reservoir and the flow regimes
that may arise during its propagation through the pores.
Shabro et al. [6] combined a new pore scale model with a
reservoir simulation algorithm to model fluid flow while
incorporating the effects of no-slip and slip flow, Knudsen diffusion, and Langmuir desorption. Okamoto et al.
[7, 8] modeled fluids displacement mechanisms using
Knudsen Number via molecular simulation. Negara
et al. [9] investigated the effect of Knudsen diffusion on
shale gas production behavior. Wu et al. [10] developed
a model for bulk-gas transfer in nanopores dependent
on slip flow and Knudsen diffusion. Xu et al. [11] studied
free gas transport in nanopores of shale rocks through
Knudsen diffusion using real gas equation of state and
elastics hard-sphere model. Jin et al. [12] used the definition of the Knudsen Number to prove that the CO2 flow
in the nano-pores of the shale mainly falls under the Free
Molecular Flow behavior, and is hence mainly governed
by diffusion. Li et al. [13] established a gas-slip model for
fluid movement in nanopores and determined the accuracy of the model using laboratory results by varying the
Knudsen number and gas relative permeability. Lawal
et al. [52] conducted an experimental study of asphaltene deposition in microcapillary tubes using a novel
experimental setup. Based on their results, the pressure drop was found to be relatable to the permeability
change of the tubes and the thickness of the asphaltene
deposition layer. Elkhatib et al. [53] investigated deposition of asphaltene in flow lines using capillary tubes and
scanning electron microscopy. The experimental results
were then analyzed using a machine-learning algorithm.
The asphaltene nanoaggregates had the highest affinity to surfaces of the capillary tubes. Boek et al. [54]
researched asphaltene aggregation and deposition in
capillary tubes using both experimental and simulation approaches. The simulation approach utilized stochastic rotation dynamics, while experiments analyzed
asphaltene precipitation and deposition using optical
microscopy. The experimental and simulation results
were then matched to obtain information on flow conditions of crude oil that is associated with asphaltene
instability. Ruiz-Morales and Mullins [55] used dissipative
particle dynamics to model coarse-grained molecules
Vol:.(1234567890)

at the mesoscale level, while taking into consideration
the polycyclic aromatic hydrocarbon and the peripheral alkanes. Results showed that asphaltene molecules
remained at the oil–water interface at an orientation
perpendicular to the interface with a 45° tilt.
Asphaltene instability in different formations and lithologies has been studied by many researchers using different experimental and modeling techniques. Zendehboudi
et al. [14] differentiated between precipitation, coming out
of solution, and deposition, adhesion of the asphaltene to
the rock. This helped provide a method by which to analyze asphaltene stages including precipitation, deposition,
and flocculation [15–19]. Rassamdani et al. [20] observed
another stage of asphaltene, referred to as asphaltene flocculation, where the asphaltene particles began forming
clusters and aggregates of a large diameter size. Soroush
et al. [21] studied asphaltene stability during CO2 injection
and determined that the state of asphaltene can actually
impact asphaltene stability. Kalantari-Dahagi et al. [22]
conducted one of the few studies that investigated asphaltene problems in carbonate reservoirs and found asphaltene to be extremely problematic at the bubble point.
Shedid and Zekri [23] showed that with the increase in the
rock permeability and average pore size, the asphaltene
problems decreased significantly. This shows that studying
the impact of pore size on asphaltene stability becomes
extremely important. Tavakkoli et al. [24] attempted to
model asphaltene precipitation using computer modeling
and compared the results to those of the experimental
results to investigate its accuracy. Yonebayashi et al. [25,
26] studied asphaltene instability using dynamic experiments in order to incorporate the electro-kinetic effect on
asphaltene precipitation and deposition. Moradi et al. [27]
investigated asphaltene instability in small micro pores
using filter membranes with 0.2 µm pore size using nitrogen injection. Struchkov et al. [28] performed a detailed
study formation damage due to asphaltene deposition in
pores. The methodology utilized actual core plugs instead
of filter membranes which makes their study extremely
valuable. Results showed that asphaltene deposition will
decrease the core permeability and thus may limit oil
mobility and reduce the overall oil recovery. Shen and
Sheng [29] researched asphaltene problems in shale reservoirs using Eagle Ford cores and nano filter membranes.
Their research did not include the mechanism of asphaltene instability. Fakher and Imqam [30, 31] performed an
extensive study of asphaltene behavior in nano pores and
methods by which asphaltene can be mitigated. Mohammed et al. [32] conducted one of very few numerical modeling studies of asphaltene instability in small pore sized
and attempted to reduce asphaltene damage without the
use of chemical agents by relying on the injected fluid
properties and the production method and schedule.
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Understanding the mechanism by which C
 O2 flows
in oil reservoirs and studying the impact of C
 O 2 flow
on asphaltene instability is extremely important both
when modeling C
 O 2 flow and to avoid asphaltene
operational problems during production. Even though
several researchers have studied both topic using multiple methods, very few researchers have evaluated the
effect of CO 2 flow regimes on asphaltene instability
in both micro and nano pores together. This research
extends the previous work conducted by Fakher et al.
[19] which studied asphaltene instability visually and
using some filtration studies. This research investigates
CO2 flow mechanisms, oil filtration, asphaltene buildup,
and asphaltene content in both micro pores and nano
pores in both the produced and the bypassed oil, which
is the oil that was not produced, in order to provide a
holistic view on the impact of some factors on CO2 flow
regimes, oil mobilization, and asphaltene instability in
these pore sizes.

2 Experimental material
Filtration vessel a stainless steel high pressure filtration
vessel was used to conduct all the experiments. The vessel housed both the crude oil and the CO2.
Carbon dioxide CO2 was supplied using a high pressure CO2 cylinder. The flow of C
 O2 was regulated using a
pressure regulator attached to the cylinder.
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Filter membranes filter membranes with 2.7 µm, 100 nm,
10 nm, and 0.2 nm pore size were used to conduct the
filtration experiments and to study the flow regime.
Test tubes glass test tubes were used to collect the produced crude oil. Glass was used since plastic was found
to interact with some of the components of the crude oil
and the heptane used for the asphaltene quantification.
Crude oil crude oil with viscosity 469, 260.7, 119, and
63.7 cp were used to conduct the experiments. The crude
oil was obtained from Kirk lease in Kansas. The 469 cp oil
had an initial asphaltene concentration of 5.73 wt%. The
crude oil was obtained from the separator with an initial
viscosity of 469 cp. The viscosity was then reduced using
different weight percent kerosene mixing. The kerosene
was highly soluble in the crude oil.

3 Experimental setup
The experimental setup used to conduct the asphaltene
stability experiments is shown in Fig. 1. The setup includes
the CO2 cylinder connected to a pressure regulator to control the flow from the cylinder and control the pressure
value. The main filtration vessel includes the filter membrane, crude oil and CO2. An O-ring is placed to prevent
any leakages during the experiment. Also, a 60-micron
mesh screen is added to prevent the filter membrane
from rupturing at high pressure. The produced oil is collected at the outlet in a glass test tube for further analysis.
The oil that remained in the filtration vessel and could not

Fig. 1  Specially modified filtration setup
Vol.:(0123456789)
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be produced was referred to as the bypassed oil and was
also collected for analysis. The filtration vessel used differs slightly from the one used in our previous study [33].
The vessel used in this setup acquires a seal using a high
vacuum rubber, while the other one is sealed using steel
bolts. This is the main reason behind the difference in the
sequence of the filter elements since the elements have to
be in accordance with the rubber to avoid leakages during
the filtration experiments.

4 Experimental procedure
The experimental procedure was based on initially preparing the crude oil sample to be tested, and then conduct
the experiment. The procedure followed to conduct all the
experiments is as follows:
• To prepare the filtration vessel, the bottom cap was

•

•

•

•
•

detached, and then the 60 micron mesh screen was
inserted into it. The mesh screen is a vital component
of the setup since it provides a support base for the
filter paper, and prevent is from rupturing during the
experiment, while causing no hindrance to the flow
since its pore size is much larger than that of the filter paper. The filter paper is then placed on top of the
mesh screen, and then a rubber O-ring is placed on top
of the filter paper. The O-ring ensures that a perfect seal
is attained between the bottom cap assembly and the
filtration vessel to avoid any potential for leaks during
the experiment.
After connecting the bottom cap, 100 ml of the specific
viscosity oil used to run the experiment is poured into
the filtration vessel. The top cap of the filtration vessel
is then attached to the CO2 cylinder, and fixed to the
filtration vessel using the fixation screw on the top.
The CO2 cylinder is then opened, and the regulator is
used to adjust the pressure to that of the experiment.
The recording of the time commences as soon as the
pressure regulator allows the release of the CO2 to the
setup.
The oil production is recorded every 30 s for the first
hour, and then every minute for the remaining duration of the experiment. The oil production flow rate is
then calculated based on the produced volume and the
time. The oil produced is collected for further analysis
following the conclusion of the experiment.
The CO2 injection is maintained until C
 O2 breakthrough
occurs and no further oil production is observed.
The bypassed oil, unproduced oil, is the collected from
the vessel and stored for further analysis. The filter
paper is also collected and stored in vacuum for further
analysis.

Vol:.(1234567890)

• The asphaltene wt% in the produced oil and the

bypassed oil is then calculated for each experiment to
study the extent to which the asphaltene will plug the
pores.
• The filter cake thickness and the area of asphaltene
plugging on the filter paper is also calculated for each
filter paper.
• In order to measure the weight of the asphaltene, the
filter membrane bearing the asphaltene had to be
dried initially. This was done by placing the filter membrane in a vessel with temperature of 80 °C. The membrane was maintained in the vessel for three days.
• Following this, the membrane was analyzed to ensure
that it was completely dry and had no heptane in it. The
filter membrane was then weighed in a scale with an
accuracy of a 1000th of a gram.

5 Asphaltene detection test
Asphaltenes are defined as the heavy components of the
crude oil that are insoluble in n-alkanes, such as n-heptane
or n-pentane, but soluble in aromatics such as toluene or
xylene [34]. It is important to determine if the crude oil
used in this study has a percentage of asphaltene, and it
is also crucial to quantify this asphaltene since it is a main
operational problem during CO2 flooding; the asphaltene detection and quantification test was run using the
standard test for determination of asphaltenes (heptane
insolubles) in crude petroleum (IP 143) [35]. It should be
noted that the 0.45 μm membrane may bypass some of
the asphaltene, especially for the smaller pore size experiment such as the 100, 10, and 0.2 nm experiments.
The procedure followed for the asphaltene detection
test involved dissolving 0.1 ml of crude oil in 10 ml of
n-heptane. The test tube is stirred vigorously for twenty
seconds to ensure that the oil has been totally dissolved.
The test tube is then set in an upright position for 48 h.
Precipitation of the asphaltene will begin to become visible approximately one hour after the oil is dissolved, however the test tube must be left for at least 48 h to ensure
that all the asphaltene has deposited from the solution.
The asphaltene is then filtered from the solution using a
0.45 µm filter paper, and then the weight percent is calculated. The asphaltene is then dissolved in xylene, an aromatic, to ensure that all the precipitate was asphaltene
and not any other component. The weight percent of the
asphaltene was calculated using the equation below:

Asphaltene wt% =

wt of asphaltene
× 100
total wt of oil
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6 Results and discussion
Both the CO2 flow mechanism in nano and micro pores and
the asphaltene deposition and precipitation will be discussed in this section. The CO2 flow mechanism will include
the CO2 flow regimes identified using the Knudsen Number,
the effect of varying CO2 injection pressure, oil viscosity, pore
size of the filter membrane, and filter membrane thickness.
The asphaltene deposition and precipitation will include the
asphaltene weight percent in both the produced oil and the
unproduced oil and its effect on oil production.

6.1 CO2 flow mechanism in nano and micro pores
6.1.1 Knudsen number
It is important to differentiate between the flow of C
 O2 in
conventional reservoirs and the flow of CO2 in unconventional reservoirs. To be able to establish this differentiation,
an understanding of the different flow regimes that could
arise must be presented. The Knudsen number is considered
one of the most applied and accurate indications of the type
of flow that is occurring in the porous media [36–41]. The
general form of the Knudsen number is presented.
�
�
Kb T
𝜆
∕L
Kn = = √
(1)
L
2𝜋d 2 p
where Kn is the Knudsen number, λ is the mean molecular
free path (m), L is the representative physical length which
is the pore radius for this work (m), Kb is the Boltzmann
constant (1.38065 × 10–23 J/k), T is the temperature (k), d
is the particle hard shell diameter, or the diameter of the
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 O2 molecule in this research (2.32 × 10–10 m), p is the presC
sure (Pa).
By using the Knudsen number, the flow regime for
each pore size filter membrane can be identified for each
of the CO2 injection pressures used. Ziarani and Aguilera [36] defined four distinct flow regimes based on the
value of the Knudsen number. These regions are defined
in Fig. 2.
Viscous flow dominates the flow behavior in conventional hydrocarbon reservoirs. For viscous flow, Darcy’s
law can be applied safely given that the flow is laminar,
which is usually represented by a low Reynolds number,
usually close to unity. Viscous flow occurs at a Knudsen
number below 0.01. If the flow becomes turbulent, such
as in fractures or extremely high permeability formations or features, Forchheimer’s equation becomes more
applicable. Forchheimer’s equation is shown [42].

dp −𝜇
=
v + 𝜌𝛽vx 2
dx
k x

(2)

where p is the pressure, x is the distance, vx is the velocity
in x direction, ρ is the fluid density, and β is the non-Darcy
flow coefficient of the porous medium.
During gas flow, the gas molecules will experience to
some extent slippage at the pores’ interface [43, 44]. This
slippage becomes more profound as the permeability
decreases, until a point where the gas slippage becomes
overcome by diffusion in nano-pores. In the presence of
gas, the conventional Darcy law can be applied, however
a correction must be made to obtain representative values
[43, 45]. This correction could either be the Klinkenberg
correction or the Knudsen modification. Slip flow occurs
for a Knudsen number value between 0.01 and 0.1.

Fig. 2  Different flow regimes identified using Knudsen number
Vol.:(0123456789)
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When the pore throats are decreased further beyond
that of the slip flow, a transition flow occurs where both
slip and diffusion flow occur. This occurs for a Knudsen
number between 0.1 and 10. Even though Darcy’s law has
been applied to model flow during this flow regime, it
usually produces erroneous results especially as the Knudsen number approaches 10. It is, therefore, safer to apply
Knudsen’s diffusion equation [36].
As the Knudsen number exceeds 10, the flow regime
becomes Knudsen’s Free Molecular flow. In this flow
regime, Darcy’s law becomes completely inapplicable, and
diffusion based equations, such as Knudsen’s diffusion,
must be applied. In this type of flow, the gas molecules
interact with the pore surface, and reach a point where
there is almost no interaction between the gas molecules
themselves [46]. This will occur mainly in the nano-pores
of the unconventional shale reservoirs. Knudsen’s diffusion
equation is shown [38].
√
dk 8Rg T
(3)
DKn =
3
𝜋M

governed mainly by diffusion, modeled using Knudsen’s
diffusion or Fick’s first law. This shows that the flow regime
in the nano pores differs significantly form that of the
micro pores, and hence there is a significant difference
between the CO2 flow behavior in unconventional and
conventional reservoirs.
The flow mechanism study in this research has a specific
applicability range based on the material used and the
definition of the Knudsen number. The limitations of the
flow mechanism study must therefore be mentioned and
considered to avoid confusion. The main limitations of the
flow mechanism methodology are as follow:

where DKn is the Knudsen diffusion, dk is the pore throat
radius, Rg is the universal gas constant, M is the molecular
weight, and T is the temperature.
If the pore size is extremely small, surface diffusion will
be become predominant [47]. Surface diffusion is modeled
using Fick’s first law, shown.

Three CO2 injection pressures were used, including 25, 50,
and 100 psi to study the effect of CO2 injection pressure on
the oil filtration, and the asphaltene deposition. The C
 O2
when injected at different pressure will interact with the
oil and flow through the pore spaces in a different manner. This difference in interaction and flow behavior results
in both an effect on oil filtration, and oil flow, which was
explained using the Knudsen number.
The effect of C
 O2 injection pressure is shown in Fig. 3.
Regardless of the oil viscosity, it is evident that as the CO2
injection pressure increases, the oil production increases,
and the CO2 breakthrough time through the oil bank
decreases. For example, regarding the 260.7 cp oil in
Fig. 3b, the CO2 breakthrough time for the 100 psi pressure was 480 s, or 8 min, with an oil production of 93%
while the CO2 breakthrough for the 25 psi was 2220 s, or
37 min, with an oil production of 91.5%.; even though this
increment in oil production is not significant, in a real reservoir, compared to the filter membrane, the increment

(4)

Ni = −Di ∇ci

where Ni is the molar flux, Di is the diffusion coefficient,
and ci is the concentration.
The Knudsen number was calculated for all the pore
sizes used in this research at different pressures. Table 1
shows the Knudsen number values.
Based on these results, it is clear that the flow for all the
experiments conducted using the 2.7 µm filter membranes
is governed mainly using Darcy’s law, with Klinkenberg
correction in slip flow. When the filter membrane pore
size decreases to the nano-meter scale, the flow becomes

• The method does not consider heterogeneity or tortu-

osity.

• Since filter membranes are used, a longer porous media

can such as cores can yield different results.

• The values used are for pure CO2 and do not take into

consideration other gases or mixtures.

6.1.2 CO2 injection pressure

Table 1  Knudsen number values and equivalent flow regimes for the experiments conducted
Pore size (L)

Pressure, Psi

Mean free PATH (𝝀), m

Knudsen number (𝝀/L)

Flow regime

Recommended equation

2.7 µm
2.7 µm
2.7 µm
100 nm
10 nm
0.2 nm

25
50
100
300
300
600

9.84867 × 1
 0–8
4.92434 × 1
 0–8
2.46217 × 1
 0–8
8.20893 × 1
 0–9
8.20893 × 1
 0–9
4.10347 × 1
 0–9

0.03648
0.01824
0.00912
0.082084
0.82084
20.5174

Slip flow
Slip flow
Viscous flow
Slip flow
Transition flow
Knudsen flow

Darcy, with Klinkenberg
Darcy with Klinkenberg
Darcy’s Law
Darcy with Klinkenberg
Knudsen’s Diffusion
Knudsen’s Diffusion or Fick’s Law

Vol:.(1234567890)
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Fig. 3  Impact of varying CO2
injection pressure on oil filtration for oil viscosities a 469 cp,
b 260.7 cp, c 119 cp, d 63.7 cp
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will be much higher. The oil production increase with the
increase in C
 O2 injection pressure was observed by several researchers, and is mainly attributed to the higher
displacement of the oil due to the higher pressure [21–23].
The CO2 could not produce all of the oil in the filtration
vessel mainly due to its inability to mobilize the higher
molecular weight components since they require larger
pressure differentials to force them through the filter
membranes. Even though there was a possibility to mobilize these components and force them through the microsized filter membranes, this possibility is eliminated in the
nano-sized filter membranes.
The CO 2 breakthrough time is another significant
parameter that was affected by the C
 O2 injection pressure. From Fig. 3, the CO2 breakthrough time is decreased
significantly as the pressure increases. This shows that the
CO2 will produce all the oil that it is capable of mobilizing
in a shorter duration compared to the lower C
 O2 injection
pressure. The CO2 breakthrough time can be observed in
the plots in Fig. 3 above as the data point before the last.
The last data point shows a sudden increase in the oil filtration compared to the somewhat linear trend that the
plots are following. This last data point is the oil filtration

1500

80
60

40
20
0

(d)
0

200
400
Time, seconds

600

following CO2 breakthrough. The sudden increase is due
to the CO2 mobilizing the last few milliliters of oil that it
can after it has broken through. Due to the simultaneous
production of the two fluids, including oil and C
 O2, following this breakthrough, a more that usual oil volume
is produced for a few seconds before production ceases.
Other researchers also reported an increase in oil production after CO2 breakthrough, which was a main contributor
to the increase in the overall oil production percentage.
6.1.3 Oil viscosity
The oil viscosity is one of the main contributors to the oil
filtration, and also one of the main factors that will impact
asphaltene equilibrium in the oil and their precipitation
and deposition. It was therefore paramount to investigate the viscosity’s effect on oil filtration and asphaltene
deposition.
For the 2.7 µm filter membrane, four different viscosities
were used in this study, including 469 cp, 260.7 cp, 119
cp, 63.7 cp. Four experiments were conducted for three
different CO2 injection pressures to study the impact of
oil viscosity at different C
 O2 injection pressures. Figure 4
Vol.:(0123456789)
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Fig. 4  Impact of varying oil viscosity on production using a CO2 injection pressure 25 psi, b CO2 injection pressure 50 psi, c and CO2 injection pressure 100 psi

shows the results for all the oil viscosities at different CO2
injection pressures.
When the oil viscosity was reduced for all the C
 O2
injection pressures, the oil production increased. This is
due to two main reasons. The first is that the decrease in
oil viscosity makes it more prone to be mobilized by the
CO2, even at lower pressures. This in turn results in both
a higher, and more rapid oil production, which can also
be seen in Fig. 4. Lower viscosity oils required less time to
produce the oil compared to the higher viscosity oils. The
second reason is related to the asphaltene in the oil. As
the viscosity of the oil is reduced, the overall asphaltene
weight percent in the oil is also reduced, and therefore
a smaller amount of oil is left behind, as will be clearly
shown in the asphaltene weight percentages section. For
example, in Fig. 4a, the oil production for the 469 cp oil
took 3485 s, or 58 min to produce, whereas the 63.7 cp
oil only took 530 s, or 8.8 min to produce. The asphaltene
wt% for the 469 cp oil was found to be 5.73%, compared
to 3.22% in the 63.7 cp oil. It is also important to point out
that the values for the oil production are extremely high
in all the experiments mainly due to the use of the filter
membranes rather than a long porous media.

6.1.4 Porous media pore size
Four pore sizes were used in this research, including
2.7 µm, 100 nm, 10 nm, and 0.2 nm. It was identified earlier,
using Knudsen Number, that the flow regime was different for different pore sizes. This section compares different
pore sizes in terms of oil production, and oil production
rate to further emphasize the difference between C
 O2 flow
in different pore sizes.
Vol:.(1234567890)

A comparison between the oil production, and the oil
production flow rate for the 10 nm, and 100 nm is shown
in Fig. 5. The 2.7 µm was not included in the comparison
since the experiments were run at a different pressure.
Also, the 0.2 nm will be explained separately since its
results were different.
Both the 10 nm and the 100 nm experiments were
conducted at 300 psi using a 100 ml initial volume. The
total time until gas breakthrough was much longer for
the 10 nm pore size membrane compared to the 100 nm
membrane due to fluid being much more difficult to pass
through the smaller pore size. The oil production for the
10 nm membrane appears to be larger compared to the
100 nm membrane. At the experimental conditions, crude
oil will not be impacted significantly by C
 O2 dissolution.
This was studied in detail by Lobanov et al. [48] who
showed experimentally that when CO2 completely dissolved in the crude oil at 10wt% CO2, the crude oil hardly
swelled at all. The asphaltene many have played a role in
varying the crude oil production however no conclusive
reason can be reached with only the oil recovery data.
The experiments were repeated two more times with the
overall trend being the same. Also, when compared to the
2.7 µm filter membrane results, the oil production from the
nano-membranes was reduced mainly due to the difference in the flow regime, and the inability to mobilize the
majority of the asphaltene and heavy molecular weight
components. The oil production flow rate indicated a
longer time until stable flow rate for the 10 nm compared
to the 100 nm which gives an indication of a larger filter
cake thickness formation time for the smaller pore size.
All in all, both the 100 nm and the 10 nm follow the same
trend with a difference in oil production and oil flow rate
stability time due to the difference in pores size. This same
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Fig. 5  Comparing 100 nm and
10 nm a oil production with
time, and b oil production flow
rate with time
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trend is related to both pore sizes exhibiting the same flow
regime based on their calculated Knudsen number, shown
in Table 3.

6.1.5 Porous media thickness
All of the experiments in this research were conducted
using a uniform thickness filter membrane. As the thickness of the membrane increases, it become more difficult
for the C
 O2 to mobilize the oil, and also the oil begins
adsorbing to the filter membrane surface, and thus production decreases, and the flow behavior changes. Three
different filter paper thicknesses were used in this study,
including 0.11 mm, 0.55 mm, and 1.1 mm. The experiments were conducted using 50 psi injection pressure, and
119 cp oil viscosity. Figure 6 shows all the results obtained
using the three different filter paper thicknesses.
The increase in the filter paper thickness resulted in a
decrease in the oil production and an increase in the gas
breakthrough time. The average oil production flow rate
also decreased significantly with the increase in filter paper
thickness. When the filter membrane was recovered, a relatively large volume of the oil was found to have adsorbed
to the pores of the membrane, which is one of the main
reasons behind the decrease in the oil production. The oil
that was adsorbed to the filter paper was composed of a
high percentage of asphaltenes which indicates that the
asphaltene will result in a high plugging of the pore space
of the porous media.

1000
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1000

6.2 Asphaltene precipitation and deposition
6.2.1 Filter cake formation and thickness
This section will elaborate on both the CO2 production
mechanism in the 2.7 µm filter membrane experiments,
explained above, and will also show the significance of
the precipitation and deposition of asphaltene, and the
impact that both the CO2 injection pressure and oil viscosity have on both the production mechanism and the
asphaltene deposition.
The oil production flow rate was calculated by dividing the recovered volume by the time. Two major things
can be derived from the flow rate curves. The first main
finding is stability of the production flow rate for each
oil viscosity and each CO2 injection pressure. This can
be seen in Fig. 7. The initial flow rate for all the plots is
extremely high compared to the other flow rates; this
is the time at which the C
 O2 began mobilizing the oil
and hence the largest flow rate is observed; following
this point, the flow rate then begins to reach stabilization. The longer the duration of the production, the more
time the flow had time to stabilize. The plots for the 63.7
cp, for example, appear to be unstable compared to the
plots for the other oil viscosities that took a longer duration to produce.
A relationship between the average oil production
flow rate, the overall oil production, and the CO2 breakthrough pressure is shown in Table 2. As the CO2 breakthrough time decreases, the oil production increases
for each oil viscosity. Also, the decrease in C
 O2 breakthrough time results in a larger average oil flow rate for
the same viscosity oil. This shows that as the overall time
for production decreases there is a higher average flow
rate which in turn does not allow for the formation of a
thick filter cake. This decrease in time occurs either with
Vol.:(0123456789)
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the increase in CO2 injection pressure or decrease in oil
viscosity; the former has an effect on the oil production
behavior, while the latter has an effect on the reduction
in asphaltene concentration.
6.2.2 Asphaltene weight percent
The wt% of asphaltene was measured for all the experiments conducted. For each experiment, an oil sample
was taken from the produced oil, and the filter cake, and
the asphaltene weight percent was calculated using the
Asphaltene Detection Test, explained before. The asphaltene weight percent for the original crude oil before running the filtration experiments is shown in Table 3 for
reference.
Table 4 shows the asphaltene weight percent for the
filtered oil and the filter cake samples for different viscosity oils, different pressures, and different pore sizes.
For the 469 cp oil, increasing the pressure resulted in an
increase in the asphaltene wt% in the filtered oil due to the
oil being forced through the pores. With the decrease in
viscosity, the asphaltene wt% also decrease. This is due to
the initial asphaltene wt% being less in the less viscosity
oil, as shown in Table 3. When the pore size was decreased,
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Fig. 6  Filter paper thickness
effect on a gas breakthrough
time, b oil production flow
rate, c oil production, and d
average production flow rate
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the filtered oil had a lower asphaltene wt%, which indicates that the asphaltene was harder to extrude through
the smaller pore, even at a higher CO2 injection pressure.
For all the experiments, as the asphaltene wt% decreases
in the filtered oil, it increases in the filter cake, since the
concentration of asphaltene becomes higher due to a
lower percentage passing though the filter membrane.
These results validate the results obtained for the filter
cake thickness above, with the highest filter cake thickness
showing the highest asphaltene filter cake wt%.

7 Conclusions
This research studies the flow mechanism of CO2 through
nano and micro pores and the impact of this flow on oil
mobilization and asphaltene instability in the crude oil.
Based on the Knudsen number calculations, it was found
that multiple flow regimes may arise during C
 O2 flow in
nano and micro pores; this reveals that diffusion is not
necessarily the sole, or even the dominant, flow regime
for CO2 flow in nanopores. With the decrease in pore size,
the oil recovery potential decreased, and the asphaltene damage and plugging increased significantly. This
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63.7
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25
50
100
25
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25
50
100

89
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91
91.5
92
93
92
93.25
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94
96
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3340
1900
961
2220
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480
960
480
244
530
270
122

1.79
3.02
5.42
2.94
5.71
10.58
5.97
10.39
19.02
10.11
18.53
35.35

was evident from the increase in pressure requirement
to mobilize the crude oil through the filter membranes
with nano pore sizes. Change in pressure was found to
impact the oil recovery and the asphaltene plugging;
this was due to the pressure’s impact on the flow regime

which was determined using Knudsen number. The C
 O2
breakthrough time was decreased significantly when the
oil viscosity was decreased due to the C
 O2 being able to
mobilize the lighter crude oil much easier than the heavy
crude oil. Although the Knudsen number allows for the
Vol.:(0123456789)
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Table 3  Asphaltene wt% for all the oil viscosities
Oil viscosity, cp

Asphaltene
weight percent,
%

469
260.7
119
63.7

5.73
4.63
4.01
3.22

Table 4  Asphaltene Wt% for The Filtered Oil and The Filter Cake
Oil viscosity,
cp

Pressure, psi Pore size Filtered oil
asphaltene
wt%

Filter cake
asphaltene
wt%

469
469
469
260.7
119
63.7
469
469

25
50
100
50
50
50
300
300

16
14
12
12
10
6
18
23

2.7 µm
2.7 µm
2.7 µm
2.7 µm
2.7 µm
2.7 µm
100 nm
10 nm

4.2
4.4
4.6
3.8
3.6
2
2.2
1.3

prediction of the flow regime, it does not consider reservoir heterogeneity or tortuosity, which is one of the limitations of this research. Also, since the filter membranes
are extremely thin and uniform in pore size, the heterogeneity was not incorporated in the porous media. These
effects will be considered in future experiments along with
a more detailed characterization of asphaltene propagation and interaction with CO2.
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